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=Z  PREFACE 


In  the  afternath  of  the  Challenger  tragedy,  much  attention  has  focused  on 
the  space  shuttle's  limitations  and  on  alternate  launch  vehicles.  This  paper, 
though,  is  concerned  with  one  of  the  shuttle’s  unique  and  potentially  greatest 
advantages-- its  ability  to  rendezvous  with  satellites.  In  a  series  of  highly 
successful 'missions  that  Included  rendezvous  with  the  Solar  Maximum,  Palapa 
B2,  Vestar  6,  and  Leasat  F3  satellites,  the  space  shuttle  repaired  or 
retrieved  four  spacecraft  whose  combined  value  exceeded  S350  million.  The 
space  shuttle's  rendezvous  capability  should  offer  similar,  unprecedented 
advantages  for  military  space  missions.  But  first  there  are  questions  to 
answer  and  problems  to  solve  regarding  Air  Force  requirements,  rendezvous 
methods,  and  the  development  of  rendezvous-support  systems — and  some  of  the 
problems  are  not  as  simple  or  straightforward  as  many  assume.  Until  the  Air 
Force  steps  up  to  those  challenges,  however,  it  will  never  realize  the  full 
potential  of  the  Space  Transportation  System.  The  space  shuttle  will  soon  1 ly 
again;  as  in  the  past,  that  surely  means  both  planned  and  unplanned 
opportunities  to  benefit  from  its  rendezvous  capability — but  oqly  if  the  Air 
Force  is  prepared  to  exploit  those  opportunities  when  they  present  themselves. 

I  am  grateful  to  many  people  for  supplying  research  information  and  for 
contributing  to  my  own  understanding  of  the  rendezvous  problem.  For  recent 
and  past  help,  I  especially  thank  Mr.  Richard  Cotter,  Nr.  William  Shanney,  and 
Lieutenant  James  Thorne.  Majors  John  Wheeler  and  Ted  Wang  also  provided 
useful  research  information. 
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EXECUTIVE  SUMMARY 


Part  of  our  College  mission  is  distribution  of  the 
students’  problem  solving  products  to  DoD 
sponsors  and  other  interested  agencies  to 
enhance  insight  into  contemporary,  defense 
related  issues.  While  the  College  has  accepted  this 
product  as  meeting  academic  requirements  for 
graduation,  the  views  and  opinions  expressed  or 
implied  are  solely  those  of  the  author  and  should 
not  be  construed  as  carrying  official  sanction. 


1“insights  into  tomorrow ’ 


REPORT  NUMBER  87-2UO 

AUTHOR(S)  MAJOR  JAMBS  t.  RIVAKU,  USAT 

TITLE  3ELMUTI0H  OP  A  UKNEKiC,  SPACE  SHUTTLE  RBHUEKVOUS  METHOD  EQK 

THE  AIK  EUROS  SATELLITE  UUMTROL  EACILlTl 


I.  Background:  The  Air  Force  Satellite  Control  Facility  (AFSCF)  anticipates 
requirements  to  support  future  missions  in  which  an  AFSCF-controlled  satellite 
vehicle  <SV)  will  have  to  maneuver  to  a  retrievable  orbit  and  position, 
relative  to  the  space  shuttle  vehicle  <SSV),  in  order  to  effect  a  rendezvous. 
Different  rendezvous  methods  have  been  developed  or  proposed  by  various 
government  and  contractor  organizations. 

II.  Problem  Statement:  Which  rendezvous  method — or  combination  of  methods — 
would  best  satisfy  generic,  AFSCF  rendezvous  requirements? 

II.  Rendezvous  Problem:  Generic  SV  requirements  were  determined  along  with 
constraints  imposed  by  the  Space  Transportation  System  (STS).  Based  on  those 
factors,  four  generic  AFSCF  rendezvous  requirements  were  derived:  the  method 
shall  (1)  be  suitable  for  elliptical  and  circular  SV  and  SSV  orbits,  not 
restrict  Initial  SV  altitude,  and  compensate  for  small  SV/SSV  orbit  plane 
errors;  (2)  be  fuel-efficient;  (3)  be  compatible  with  the  proposed  Spacecraft 
Standard  Retrieval  Policy — capable  of  targeting  a  pre-specif ied  rendezvous 
position  and  time;  and  (4)  enable  the  AFSCF  to  accommodate  SSV  launch 
postponements. 
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III.  Rendezvous  Methods  and  Evaluations.  Six  different  rendezvous  methods 
were  described  and  evaluated  relative  to  those  four  requirements: 

In  passive  rendezvous,  the  SV  merely  descends  to  an  orbit  within  the  SSV's 
operating  envelope,  and  the  SSV  then  assumes  total  responsibility  for  the 
rendezvous.  This  method  is  incompatible  with  Standard  Retrieval  Policy  and 
greatly  complicates  replanning  problems  in  the  case  of  launch  delays. 

The  JSC  method  refers  to  techniques  used  by  Johnson  Space  Center  for  the 
SSV.  Similar  techniques  would  also  satisfy  most  SV  rendezvous  requirements. 
However,  because  the  SV* s  phase  angle  relative  to  the  SSV  would  change  each 
day  at  the  time  of  launch  opportunity  (when  the  launch  site  passes  through  the 
plane  of  the  SV  orbit),  complete  replanning  may  be  required  for  launch 
postponements. 

Computer  Sciences  Corporation  (CSC)  developed  software  for  Goddard  Space 
Flight  Center  to  aid  in  the  rendezvous  planning/replanning  process.  But  the 
method’s  Hohmann  transfer  solutions  are  restricted  to  circular  orbits  and 
cannot  target  a  pre-specif led  rendezvous  position  and  time.  Lambert-targeted 
solutions,  on  the  other  hand,  are  generally  not  fuel  efficient  and  may  exceed 
propellant  constraints. 

Mr.  R.  Stern,  Manager  of  the  Performance  Analysis  Department  of  Aerospace 
Corporation,  proposed  the  use  of  "repeater"  orbits  which  duplicate  SV  phase 
conditions  at  the  time  of  SSV  launch  opportunity — thus  greatly  simplifying 
replanning  problems.  Maneuvers  are  also  timed  so  that  minimum-energy  Hohmann 
transfers  can  be  used. 

Applied  Technology  Associates  (ATA)  combined  and  enhanced  the  JSC  and 
Stern  methods  to  develop  a  more  flexible  and  accurate  approach.  However,  like 
the  JSC  and  Stern  methods,  ATA  did  not  address  the  problem  of  rendezvous  from 
elliptical  SV  orbits. 

Finally,  Aerospace  recently  proposed  the  addition  of  circular  phasing 
orbits  to  resolve  the  elliptical  SV  orbit  problem,  while  also  retaining  use  of 
Stern’s  repeater  orbits. 
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IV.  Conclusions:  A  combined  ATA/Aerospace  method  would  best  satisfy  generic, 
AFSCF  rendezvous  requirements.  The  method  would  use  repeater  orbits, 
intermediate  phasing  orbits  if  necessary,  and  Hohmann  or  near-Hohaann  transfer 
orbits.  It  would  also  utilize  standard  JSC-type  maneuvers  to  execute  the 
basic  profile,  as  well  as  to  add  accuracy  and  flexibility  in  meeting  mission- 
specific  requirements. 

The  study  also  concludes  that  passive  rendezvous — as  might  be  supported  by 
current  AFSCF  systems — is  the  least  effective  method  to  satisfy  generic,  AFSCF 
rendezvous  requirements. 

V.  Recommendations:  To  validate  the  generic  requirements  used  in  this  study 
and  to  more  clearly  identify  specific  mission  requirements,  the  AFSCF  should 
conduct  a  complete  survey  of  all  users  with  potential  rendezvous  requirements. 

Assuming  that  the  survey  identifies  potential  users  and  validates  the 
results  of  this  study  without  significant  changes,  the  AFSCF  should  plan  and 
develop  capabilities  as  necessary  to  support  the  combined  ATA/Aerospace 
method. 
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Chapter  One 


IITRODUCTIOS 

One  of  the  greatest  potential  advantages  of  the  space  shuttle  is  its 
ability  to  rendezvous  with  satellites.  Because  of  that  capability,  satellites 
can  be  refueled,  replenished,  repaired,  or  returned  to  earth.  For  a  wide 
variety  of  satellites  and  missions,  the  potential  cost  savings  and  gains  in 
mission  flexibility  should  be  tremendous.  But  for  many  satellites,  such  as 
those  in  orbits  outside  the  operating  envelope  of  the  space  shuttle,  the 
shuttle  cannot  accomplish  the  rendezvous  by  itself.  In  those  cases,  the  space 
vehicle  (SV)  will  have  to  maneuver  to  a  retrievable  orbit  and  position, 
relative  to  the  space  shuttle  vehicle  (SSV),  in  order  to  effect  a  rendezvous. 
This  paper  addresses  the  problem  of  choosing  an  appropriate  rendezvous  method 
for  the  SV. 


BACKGROUBD 

The  Air  Force  Satellite  Control  Facility  (AFSCF),  which  provides  on-orbit 
control  for  numerous  Department  of  Defense  space  vehicles,  anticipates 
requirements  to  support  future  SV/SSV  rendezvous.  In  1985,  as  the  first  step 
in  developing  a  rendezvous-support  capability,  the  AFSCF  and  Space  Division’s 
Space  Transportation  System  Program  Office  (SD/TO)  tasked  Applied  Technology 
Associates  (ATA)  to  conduct  a  rendezvous  study.  The  study  defined  rendezvous 
system  requirements,  evaluated  the  AFSCF' s  Data  System  Modernization  program 
and  Johnson  Space  Center’s  Flight  Design  System  relative  to  those 
requirements,  and  drafted  a  preliminary  AFSCF  Rendezvous  Operations  Concept 
<5: — ;  6: — ).  By  Air  Force  direction,  the  study  assumed  a  cooperative 
rendezvous  method  which  utilized  techniques  proposed  by  Mr.  R.  Stern,  Manager 
of  the  Performance  Analysis  Department  of  Aerospace  Corporation. 

Since  then,  questions  have  been  raised  regarding  the  rendezvous  method 
used  in  ATA’s  study.  For  example,  why  develop  additional  computer 
capabilities  to  support  cooperative  rendezvous,  when  a  passive  rendezvous 
method — supported  only  by  current  AFSCF  systems — might  be  adequate?  Also 
asked,  is  whether  other  methods  that  are  being  developed  and  used  elsewhere, 
might  better  solve  the  rendezvous  problem. 

To  address  those  concerns,  this  paper  evaluates  alternative  rendezvous 
methods,  including  the  method  used  in  ATA's  study.  The  purpose  is  to  make 
appropriate  recommendations  regarding  the  best  method  for  the  AFSCF. 
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PROBLEM  STATEMENT 

Which  current  or  proposed  rendezvous  method — or  combination  of  methods — 
would  best  satisfy  generic,  AFSCF  rendezvous  requirements? 


AHALYSIS  APPROACH 

This  paper  approaches  that  problem  through  a  three-step  analysis  process: 

1.  Define  the  rendezvous  problem: 

a.  Determine  generic  SV  mission  requirements. 

b.  Determine  constraints  imposed  by  the  Space  Transportation  System 
(STS). 

c.  Based  on  SV  requirements  and  constraints  imposed  by  the  STS, 
derive  generic,  AFSCF  rendezvous  requirements. 

2.  Evaluate  alternative  rendezvous  methods: 

a.  Identify  and  describe  current  and  proposed  .rendezvous  methods. 

b.  Evaluate  each  method  relative  to  generic,  AFSCF  rendezvous 
requirements. 

3.  Select  the  best  rendezvous  method: 

a.  Review  the  combined  results  of  the  individual  evaluations. 

b.  Select  the  method — or  combination  of  methods — which  would  best 
satisfy  generic,  AFSCF  rendezvous  requirements. 

c.  Identify  any  remaining  constraints  inherent  in  the  selected 
method. 


Chapter  Two 


THE  RENDEZVOUS  PROBLEM 

The  rendezvous  problem  for  the  AFSCF  is  to  plan,  update,  and  control  a 
sequence  of  maneuvers  that  will  take  the  SV  from  its  mission  orbit  to  a 
retrievable  orbit  and  position  relative  to  the  SSV.  From  that  point,  the 
terminal  rendezvous  phase  begins,  and  the  SSV  assumes  responsibility  for 
completing  the  join-up.  The  SV's  rendezvous  point  might  typically  be  ten 
nautical  miles  (nmi)  above,  and  less  than  300  nmi  ahead  of  the  shuttle  (4:3-7; 
14:—). 

Rendezvous,  then,  is  a  two-part  problem  whose  end  conditions  are  defined 
by  the  SV  and  the  SSV.  This  chapter  discusses  both  ends  of  the  rendezvous 
problem  in  terms  of  SV  requirements  and  STS-imposed  constraints,  and  then, 
based  an  those  requirements  and  constraints,  derives  a  set  of  high-level, 
generic,  AFSCF  rendezvous  requirements. 


SV  REQUIREMENTS 

Since  the  AFSCF  controls  numerous  satellites,  a  suitable  rendezvous  method 
should  be  generic.  That  is,  it  should  be  appropriate  for  a  wide  range  of 
satellite  orbits  and  missions.  The  fallowing  is  an  assumed,  minimum  list  of 
SV  orbit  and  mission  requirements  that  a  generic  rendezvous  capability  should 
satisfy.  Validating  these  requirements,  based  on  a  complete  survey  of  firm 
and  projected,  specific  mission  requirements  (both  classified  and 
unclassified),  is  an  appropriate  action  for  the  AFSCF,  but  beyond  the  scope  of 
this  study.  Implied  rendezvous  requirements  are  also  discussed  for  each  SV 
requirement  listed  below. 

SV  Orbit.  The  Initial  SV  orbit  may  be  either  circular  or  elliptical  (even 
small  eccentricities  generate  the  problem  of  matching  SV  and  SSV  lines  of 
apsides  and  restrict  the  location  for  initiating  minimum-energy  Hohmann 
transfers);  the  SV  may  be  within  or  above  the  altitude  range  of  the  SSV;  and 
the  SV  orbit  plane  may  be  displaced  slightly  from  the  SSV  orbit  plane.  In 
this  paper,  it  is  assumed  that  the  SV's  orbit  plane  is  compatible  with  the 
inclination  range  of  the  SSV,  and  that  no  large  plane  changes  will  be  planned. 
However,  due  to  small  launch  and  maneuver  errors,  the  SV  orbit  plane  will 
probably  be  displaced  slightly  from  the  SSV  orbit  plane. 

These  potential,  initial  SV  orbit  cases  imply  the  following  rendezvous 
requirements:  a  generic  rendezvous  capability  should  be  suitable  for  circular 
and  elliptical  SV  orbits,  should  not  restrict  initial  SV  altitudes,  and  should 
compensate  for  small  orbit-plane  errors. 
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Fuel  Efficiency.  On  paper,  the  rendezvous  problem  Is  sisple — if  fuel  is 
not  a  factor.  In  the  real  world,  however,  fuel  is  a  critical  constraint, 
especially  for  SVs  that  have  been  on  orbit  for  extended  periods.  Therefore, 
the  rendezvous  method  oust  be  fuel  efficient. 

Mission  Considerations.  For  satellites  still  conducting  operational 
nlsslons,  it  is  desirable  to  keep  the  ST  in  a  si ss ion- compatible  orbit  for  as 
long  as  possible — preferably  until  after  shuttle  launch.  This  is  to  reduce 
the  length  of  nlsslon  outages,  and  to  reduce  the  risk  of  taking  a  good 
satellite  out  of  an  operational  orbit  to  rendezvous  with  an  STS  sission  that 
is  subsequently  postponed  or  even  canceled.  Preferably,  then,  the  generic 
rendezvous  method  should  allow  the  ST  to  resain  in  a  mission-compatible  orbit 
until  after  SST  launch. 


STS- IMPOSED  CQISTKA I ITS 

A  suitable  rendezvous  aethod  Bust  not  only  satisfy  ST  orbit  and  nlsslon 
requlreaents,  it  Bust  also  satisfy  the  other  half  of  the  problem — operational 
procedures  and  constraints  lnposed  by  VASA  and  the  STS.  t  So  far,  rendezvous 
procedures  have  been  worked  on  a  miss ion- by- mission  basis;  however,  as 
rendezvous  becomes  more  frequent,  coaaon  guidelines  for  most  STS  customers  can 
be  expected.  The  following  is  the  author's  best  estimate  of  current  and 
future  STS-lmposed  constraints — as  based  on  past  shuttle  flights,  available 
documents,  proposed  policies,  and  conversations  with  personnel  at  Johnson 
Space  Center.  Implied  rendezvous  requirements  are  also  discussed  for  each 
constraint  area. 

SST  Orbit.  SST  orbits  have  often  been  circular  or  near-circular;  but  for 
some  planned  missions,  high-energy  elliptical  SST  orbits  will  be  required 
(11:2).  A  generic  rendezvous  aethod,  therefore,  should  enable' the  ST  to 
rendezvous  with  an  SST  in  either  a  circular  or  elliptical  orbit. 

Standard  Retrieval  Policy.  Procedures  and  ST  requirements  for  conducting 
a  cooperative  ST/SST  rendezvous  have  been  proposed  by  VASA  (though  not  yet 
finalized  and  approved)  (14: — )  in  a  "Spacecraft  Standard  Retrieval  Policy" 

(9: — ).  Under  this  policy,  the  ST  will  be  given  a  "go  for  descent"  after  a 
successful  shuttle  launch  and  after  the  SST  systems  are  verified  as 
operational  for  retrieval.  The  ST  will  then  maneuver  as  necessary  to  reach  a 
pre-speclf led  "control  box"  (region  around  a  target  position)  at  a  pre¬ 
specified  rendezvous  time.  The  ST  is  responsible  for  making  all  orbit-plane 
and  phase-angle  corrections  necessary  to  reach  the  control  box.  The  SST  Is 
similarly  responsible  for  all  maneuvers  required  to  reach  its  own  rendezvous 
position  relative  to  the  control  box  (9:4-6). 

A  generic  rendezvous  method  should  be  compatible  with  the  Spacecraft 
Standard  Retrieval  Policy — not  only  because  compliance  may  be  mandated  by  VASA 
in  the  future,  but  because  the  policy  embodies  significant  advantages  for  both 
the  SST  and  the  ST.  It  greatly  simplifies  the  problem  for  the  STS  since 
before  launch  and  throughout  the  SST  mission,  the  shuttle  flight  and  ground 
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crews  trill  know  just  where  and  whan  tha  rendezvous  will  ba  conducted,  and  how 
It  fits  Into  tha  overall  SSV  mi  as ion  schadula.  Thara  arc  similar  advantages 
for  tha  SV's  oparatlons-control  parsonnal.  Adhering  to  tha  policy  also 
banaflts  tha  8V  mines  it  allows  tha  SV  to  ramnln  In  Its  mission  orbit  until 
aftar  SSV  launch.  Parhaps  most  importantly,  compllanca  with  tha  policy 
addresses  time  and  fual  constraints  such  as  those  described  next. 

Tima  and  Fuel  Constraints.  Tha  tima-frama  during  which  tha  randazvous  can 
be  conducted  is  limited  because  tha  SSV  is  required  to  accomplish  multiple 
tasks  on  each  fllght--not  Just  one  randazvous  and  retrieval.  Allowable 
rendezvous  windows  in  the  mission  profile  are  also  constrained  by  lighting 
requirements  during  the  retrieval  phase  (4:3-1).  Tha  SSV  is  similarly  limited 
In  tha  amount  of  fual  It  can  devote  to  tha  rendezvous — again,  due  to  other  SSV 
mission  requirements.  If  SV  deviations  from  a  nominal,  rendezvous  time  and 
phase  angle  are  too  large,  the  SSV  will  be  unable  to  complete  the  rendezvous 
and  retrieval  phases  within  allowable  time  and/or  fuel  constraints.  The 
rendezvous  method,  then,  must  enable  the  SV  to  reach  the  retrieval  orbit 
reasonably  close  to  the  nominal  rendezvous  conditions  and  time. 

Complying  with  the  Spacecraft  Standard  Betrleval  Policy  should  satisfy 
time  and  fuel  constraints  since  the  purpose  of  the  policy  is  to  allow  the  SSV 
Mto  complete  rendezvous  within  time,  maneuver  capability,  and  launch 
opportunity  restrictions  imposed  by  typical  shared  retrieval  flights”  <9:3>. 
Thus,  the  control  box  is  sized  "to  keep  ISTS  I  SSV]  rendezvous  propellant 
budgets  reasonable  and  to  enhance  the  probability  of  a  successful  rendezvous" 
(9:4). 

Passive  SV.  Vhat  if  the  SV  does  not  comply  with  the  Standard  Betrleval 
Policy — if  it  is  either  unable  or  unwilling  to  cooperate  in  the  rendezvous  by 
achieving  a  pre-speclf led  retrieval  orbit  and  phase  condition?  In  that  case, 
another  constraint  applies:  the  SV  will  probably  be  required  to  establish 
Itself  in  a  stable  orbit,  within  the  shuttle  mission  envelope,  several  days  or 
weeks  before  the  shuttle  launch  <3: — ;  14: — ).  This  is  to  allow  IASA  time  to 
track  the  SV  and  to  develop  an  SSV  maneuver  profile  that  will  rendezvous  with 
the  given  SV  orbit. 

Of  course,  this  constraint  conflicts  with  the  previously  discussed  goal  of 
allowing  an  operational  SV  to  remain  in  a  mission-compatible  orbit  until  after 
SSV  launch.  An  example  say  illustrate  the  potential  costs  and  risks  to  the  SV 
mission  that  a  premature  descent  can  entail.  Suppose  the  SV  is  a  critical, 
weather  surveillance  satellite  and  the  SSV  is  performing  a  replacement 
mission — bringing  a  new  weather  satellite  up,  before  retrieving  the  old  SV  to 
return  it  to  earth.  If  the  retrieval  orbit  is  not  suitable  for  conducting 
operations,  weather  coverage  is  lost  for  the  days  or  weeks  prior  to  shuttle 
launch  that  the  SV  had  to  depart  its  mission  orbit.  Vorse  yet,  if  the  shuttle 
mission  is  delayed  repeatedly  or  canceled,  a  previously  working  surveillance 
capability  may  be  unnecessarily  lost  for  an  extended  period.  If  the 
rendezvous  method  is  compatible  with  the  Standard  Betrleval  Policy,  this 
passive  rendezvous  constraint  can  be  avoided. 


liHMfc  fMtBMMiti.  A  flaal  coselderat Ion  la  tha  occurrence  of  apaca 
shuttle  lauach  poetpoaeaeats,  which  caa  vary  anywhere  from  a  day  to  several 
weeks  (2:—).  Frequent  lauach  poatpoaaaaata  have  always  baaa  a  part  of  tka 
apaca  program  aad  trill  ao  doubt  coatinua  to  occur  for  at  laaat  tka  aaar 
futura.  Tka  problaa  la  tkat  aack  lauach  postpoaaaaat  could  require  tka  AFSCF 
to  plaa  a  cooplataly  new  rendezvous  prof 11a.  To  avoid  large  plaaa  changes  la 
conducting  tka  raadasvoua,  88V  lauach  la  raatrlctad  aack  day  to  tka 
appraxlaata  t lav  when  tka  lauach  site  paaaaa  through  tka  plaaa  of  tka 
ratrlaval  orbit  <aa  corractad  for  pradlctad  parturblag  af facta)  (4:3-1).  Aa  a 
raault,  tka  laltial  8V  raadasvoua  coadltloaa  at  tka  tlaa  of  akuttla  lauach — 
aopacially  pkaaa  aagla  ralatlva  to  tka  SSV — will  chaaga.  parka pa  aacaaaltat lag 
a  coaplata  rap lan  (12:4-4).  Tkarafora,  a  robust  raadasvoua  astbod  should  not 
oaly  ba  abla  to  plaa  aad  axacuta  a  raadasvoua  profile  for  tka  schadulad  launch 
day,  but  for  possible,  postponed  lauach  aituatloas  aa  wall. 


omnc  umaas  mopikb 
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Baaed  oa  the  preceding  discuss loa  of  SV  requlreaants.  STS-lapoaad 
constraints,  aad  lap 11 ad  raadasvoua  requirements,  tka  following  auaoarlzas 
what  the  author  Judges  to  be  aa  appropriate,  alnlaua  list  of  hlgh-laval, 
generic,  AFSCF  raadasvoua  raqulraaaata: 


1.  SV/S8V  Orbits.  The  astbod  shall  ba  suitable  for  both  circular  aad 
elliptical,  SV  and  SSV  orbits;  shall  not  restrict  Initial  SV  altitude;  and 
shall  correct  for  saall  errors  la  SV/SSV  orbit  planes 


2.  Fuel  Ifflclancv.  Tka  aethod  shall  eaploy  techniques  which  alniaize  SY 
fuel  expenditures. 

3.  Standard  let  naval  Policy  (S8f>  CoMatlblllty.  Tka  aethod  shall  be 
coapatlble  with  the  proposed  Spacecraft  Standard  Betrleval  Policy  That  is. 
as  a  alnlaua,  It  shall  ba  capable  of  targeting  a  pre-spec  If  led  rendezvous 
control  box  and  tlaa. 


4.  Beadexvoua  Beplannlnx  The  aethod  shall  enable  the  AFSCF  to  replan 
achievable  rendezvous  profiles,  as  necessary,  to  accoaaodate  potential  launch 
poetponeaents. 

These  four  requlreaants  directly  or  indirectly  address  each  of  the 
previously  listed  SV  requlreaants  and  STS-laposed  constraints.  Satisfying  the 
third  requlreaeat  alone  aeets  the  requlreaents  and  constraints  discussed  under 
the  headings  of  llaalon  Considerations,  Standard  Betrleval  Policy,  and  Hat 
and  Fuel  Constraints;  while  it  also  enables  the  AFSCF  to  avoid  the 
restrictions  described  under  Passive  Rendezvous.  The  other  three  rendezvous 
requlreaants  follow  directly  froa  the  reaainlag  SV/SSV  requlreaants  and 
constraints. 


This  list  of  only  four  generic  rendezvous  requlreaents  Is  rather  brief, 
but,  as  shown  next,  It  provides  useful  criteria  for  evaluating  and  comparing 
alternative  rendezvous  aathods. 
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Chapter  Three 


IUDKZVO0S  METHODS  AID  BVALOATIOIS 

The  next  step  la  the  analysis  process  Is  to  Identify,  describe,  and 
evaluate  alternative  solutions  to  the  rendezvous  problem.  Research  into 
current  asd  proposed  rendezvous  methods  revealed  six  approaches.  The 
alternatives  Include  methods  that  could  be  supported  by  current  systems  at  the 
AFSCF  (passive  method),  Johnson  Space  Center  (JSC  method),  and  Goddard  Space 
Plight  Center  (CSC  method).  Also  evaluated  are  three  proposed  methods: 

Stern’s  method,  the  ATA  method,  and  the  Aerospace  method.  This  chapter 
describes  each  method  and  then  assesses  It  relative  to  the  generic  rendezvous 
requirements  derived  In  Chapter  Two.  In  some  cases,  additional  advantages  or 
dlsedvaatagss  are  also  discussed. 


PASSIVE 


The  APSCP’s  commend  and  control  segment,  Data  System  Modernization  (DSM), 
currently  has  no  rendezvous  planning  capability.  The  AFSCF  is  thus  restricted 
to  a  passive  rendezvous  approach  In  which  the  SV  does  little  or  no 
anas uver lag  Passive  rendezvous  Is  also  discussed  here  because — regardless  of 

available  support  capabilities — It  may  be  t'  reed  on  the  AFSCF  by  a 
malfunctioning  satellite  whose  maneuver  capability  is  lost  or  Impaired. 


Description.  In  a  totally  passive  rendezvous,  the  SV  does'  absolutely  no 
an  as uver log.  the  SSV  Is  completely  responsible  for  all  maneuvers  required  to 
accomplish  the  rendezvous.  In  the  near-passive  case,  the  SV  slaply  decreases 
altitude  to  enter  a  lower  energy  orbit  within  the  operating  envelope  of  the 
SSV  The  SSV  la  then  responsible  for  making  up  any  phase-angle  difference 
between  the  SV  and  the  SSV.  The  SSV  must  also  correct  for  all  errors  in 
relative  plane,  altitude,  lines  of  apsides,  and  so  on.  In  short,  the  SSV 
assumes  nearly  all  responsibility  for  the  rendezvous. 


SV/8SV  Orbits.  Totally  passive  rendezvous,  in  which  the  SV  does  no 
mnneuverlng,  Imposes  a  significant  altltuds  restriction:  rendezvous  is 
obviously  Impossible  If  the  SV  orbit  is  above  the  anxlaua  energy  level  of  the 
S8V  Maximum  SSV  altitude  depends  on  several  factors  such  as  gross  weight  and 
launch  Inclination,  but  is  never  more  than  about  400  nautical  miles  <15.  1). 


There  Is  also  a  problem  If  the  SV  altitude  Is  too  close  to  the  SSV 
sltltude.  Because  the  resulting  synodic  period  between  the  SV  and  SSV  orbits 
will  be  long,  phase  differences  will  taks  long  to  correct  (11:2-3)  <Synodlc 
period  Is  the  time  required  for  a  relative  phase  angle  to  repeat  itself 
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(1:367). >  This  problem,  ss  furthsr  discussed  later,  especially  lspacts  the 
rendezvous  replanning  requirement. 


Problems  caused  by  elliptical  SV  or  SSV  orbits  <e.g. ,  matching  the  lines 
of  apsides)  and  corrections  for  orbit  plans  errors  are  not  addressed  by 
passive  rendezvous — at  least  not  from  the  perspective  of  the  AFSCF.  Of 
course,  those  problems  do  not  go  awy;  they  are  just  transferred  entirely  to 
the  SSV.  The  rendezvous  problem  Is  thus  simplified  for  the  AFSCF,  but  more 
difficult  for  the  SSV. 

Fuel  Bfflclencr.  Assuming  Hohmann  transfers  are  used,  passive  rendezvous 
is  fuel  efficient  for  the  SV. 

SEP  Compatibility.  Passive  rendezvous  Is  incompatible  with  Standard 
Retrieval  Policy  since  the  SV  doss  not  target  a  specified  control  box  and 
time.  As  discussed  in  Chapter  Two,  the  SV  is  then  required  to  depart  its 
mission  orbit  several  days  or  weeks  before  SSV  launch.  As  also  discussed 
earlier,  this  could  entail  significant  risk— depending  on  the  SV's  operational 
mission  and  status.  The  decision  to  take  a  functioning  SV  out  of  operations 
days  or  weeks  before  SSV  launch  would  be  a  difficult  one  for  any  program 
director. 

Rendezvous  leplannlny.  Replanning  rendezvous  profiles  after  SSV  launch 
postponements  would  be  difficult  and  perhaps  not  always  possible.  Before 
launch,  a  nomlaal  S8V  rendezvous  profile  might  be  planned  which  does  not 
exceed  SSV  time  and  fuel  constraints;  but  any  launch  postponements  would 
require  complete  replanning  since  initial  relative  phase  conditions  will 
change.  There  Is  no  guarantee  that  for  all  potential  launch  situations,  the 
SSV  will  be  able  to  make  up  the  necessary  phase  difference,  as  well  as  adjust 
for  all  other  errors,  within  allowable  time  and  fuel  constraints.  Raking  up 
unplanned  phase  differences  will  be  especially  difficult  since  the  SV.  which 
descends  to  rendezvous  altitude  before  shuttle  launch,  will  be' at  nearly  the 
same  altitude  as  the  SSV — the  result  being  a  very  slow,  relative- phase  catch¬ 
up  rate  (11:2-3).  For  example,  even  If  the  SSV  maintains  an  average  altitude 
40  nml  below  the  SV,  the  synodic  period  (and  potential,  relative- phase  catch¬ 
up  time)  will  be  over  tour  days  (3:17). 

There  Is  a  further  complication  if  the  SSV  plans  to  launch  into  an 
elliptical  orbit.  If  the  8V  descends  to  an  elliptical  retrieval  orbit  before 
SSV  launch,  rotation  of  the  SV's  line  of  apsides  during  the  period  of  launch 
delay  will  cause  a  misalignment  with  the  planned  SSV  retrieval  orbit  lomlnal 
launch  conditions  might  then  only  occur  la  Intervals  ranging  from  90  days  to 
more  than  a  year  (112)! 

A  final  comment  on  passive  rendezvous  should  be  made  regarding  the  common 
perception  that  past  shuttle  rendezvous  were  basically  passive,  slaple 
operations  for  the  SVs.  The  highly  publicized  retrieval  of  Palapa  B-2  and 
Vaster  0  is  a  good  example  of  just  the  opposite  case  being  true  To  set  up 
for  the  "passive”  rendezvous,  Hughes  controllers  had  to  direct  about  273  SV 
maneuvers  over  a  three-week  period  prior  to  retrieval  <16. 2D 


In  stumary,  passive  rendezvous  has  serious  shortcomings  as  a  generic 
rendezvous  approach:  it  1 ■poses  altitude  restrictions,  is  incompatible  with 
Spacecraft  Standard  Retrieval  Policy,  and  makes  rendezvous  replanning 
difficult  and  not  always  possible.  In  general,  it  is  hard  for  the  space 
shuttle  to  rendezvous  with  and  help  the  SV,  if  the  ST  does  almost  nothing  to 
help  itself.  Passive  rendezvous  can  be  forced  on  the  AFSCF  by  a 
malfunctioning  satellite  or  by  a  lack  of  rendezvous-support  capabilities.  The 
first  case  cannot  be  avoided;  the  second  case  can.  As  will  be  shown  next, 
alternative  rendezvous  methods  and  supporting  systems  are  available  elsewhere, 
and  additional,  Improved  methods  have  been  proposed. 


JSC  METHOD 

The  first  logical  place  to  look  for  a  rendezvous  method  is  Johnson  Space 
Center  (JSC),  since  they  have  a  proven  capability  to  plan  and  execute 
successful  shuttle  rendezvous.  How  does  JSC  do  It,  end  is  their  set hod 
suitable  for  AF9CF  use? 

Otter  iBUflB:  JSC  employs  a  sst  of  standard  defined  maneuvers  that,  when 
executed  individually  or  in  pairs,  cause  single  or  combined  changes  in  SST 
altltuds,  phase,  plane,  position,  etc.  A  sequence  of  such  maneuvers  Is  used 
to  generate  the  entire  rendezvous  profile.  The  method  is  flexible  in  that  the 
sequence  can  be  modified  to  fit  individual,  rendezvous  mission  requirements 
(5:21-29).  The  following  is  one  example  of  such  a  rendezvous  profile. 

Figure  1  (adapted  from  Reference  4)  depicts  e  simple  IC-IH-ISR  rendezvous 
sequence  (43-5  -  3-«>.  Prior  to  this  sequence,  the  SST  establishes  Itself 
in  a  circular  orbit  at  about  a  100  ami  altitude.  The  three-saneuver  sequence 
starts  from  that  orbit  when  the  SST  executes  a  phase-adjust  <IC1>  maneuver 
This  maneuver  changes  orbit  size  to  adjust  phasing  relative  to  the  target 
vehicle.  Also,  the  maneuver  is  executed  along  the  target  orbit's  line  of 
apsides,  so  as  to  make  the  two  orbits  coaxial.  The  next  two  burns  < IH-ISF1 ) 
accomplish  a  Hohmnnn  transfer  to  make  the  ST  and  SST  orbits  coelllptlc 
(coincident  lines  of  apsides,  and  equal  separation  distance  at  perigee  and 
apogee).  The  height  adjust  (IH>  maneuver  is  performed  first,  followed  by  the 
first  coelllptlc  aeaeuver  (BSR1),  which  completes  the  Hohmnnn  transfer  A 
plane  change  (PC)  maneuver  can  also  be  inserted  la  the  sequence  as 
appropriate.  A  PC  maneuver  is  executed  at  a  node  between  the  two  planes  in 
order  to  make  the  orbits  coplanar  In  what  RASA  terms  a  double-coel 1 lpt lc 
rendezvous,  two  onboard-targeted  burns  (VCC-ISR2)  are  added  to  the  end  of  the 
eequaace  shown  in  Figure  1.  Together,  the  corrective  combination  (ICC)  and 
second  coelllptlc  (IS12)  burns  make  final,  smnll  corrections  to  null  out  plane 
errors  and  to  target  the  nominal  rendezvous  point  Again,  this  sequence  only 
depicts  a  ’•typical"  rendezvous,  which  can  be  tailored  by  JSC.  as  necessary,  to 
fit  individual  mission  requirements  (4: Sec  3> 

How  can  the  AFSCF  use  this  approach?  Just  as  JSC  maneuvers  the  SSV  up  to 
the  rendezvous  point,  the  AFSCF  could  conceivably  employ  the  same  general 
approach  to  maneuver  the  ST  down.  For  example,  using  the  same  basic 
saneuvers,  the  AFSCF  could  plan  a  phase  adjust  maneuver,  followed  by  a  Hohmnnn 


transfer  to  a  point  at  or  near  the  rendezvous  altitude,  followed  by  snail 
combined  corrections  to  reach  the  designated,  rendezvous  control  box.  Plane 
changes  could  also  be  inserted  in  the  sequence  as  appropriate. 


SV/SSV  Orbits.  This  approach  loplies  no  altitude  restrictions,  and  it 
does  correct  for  plane  errors.  The  aethod  would  be  suitable  for  circular  and 
elliptical  SST  orbits,  and  circular  SV  orbits. 

However,  since  JSC  would  normally  start  the  double-coe lllptic  sequence 
fros  a  circular  SSV  orbit,  it  is  not  readily  apparent  how  the  AFSCF  would 
initiate  a  similar  sequence  fros  an  elliptical  SV  orbit.  Executing  aaneuvers 
along  the  target's  (SSV’s)  line  of  apsides  night  not  coincide  with  the  SV’ s 
line  of  apsides — as  would  be  required  for  a  Hohaann  transfer. 

Fuel  Efficiency.  The  approach  is  generally  fuel-efficient  in  that  it 
aakes  use  of  Hohaann  transfers  and  other  tangential  burns  for  large  orbit 

changes. 

SRP  Compatibility.  The  JSC  aethod  is  coapatible  with  Standard  Retrieval 
Policy.  It  can  target  a  specified  rendezvous  point  and  tlae;  and — at  least 
for  a  planned,  nominal  rendezvous  profile  based  on  the  scheduled  launch  day — 
the  SV  should  be  able  to  remain  in  its  alsslon  orbit  until  after  SSV  launch. 

Rendezvous  Replanning.  When  planning  a  cooperative  rendezvous  in  which 
the  SV  and  SSV  both  target  pre-speclf led  rendezvous  points,  the  JSC  aethod 
works  fine  for  the  SSV  since  its  phase  condition  at  launch,  relative  to  the 
rendezvous  point,  is  always  the  saae.  However,  the  SV’ s  initial  phase 
condition  will  change  each  day.  Problems  similar  to  the  passive  case  result: 
it  aay  be  necessary  to  completely  replan  the  rendezvous  profile  for  every 
potential  launch  day,  and  if  the  synodic  period  between  the  SV  and  SSV  orbits 
is  long,  it  aay  not  always  be  possible  to  coaplete  a  rendezvous  within  the 
allowable  rendezvous  window  (12:2-3). 

By  utilizing  JSC  aethods,  then,  the  AFSCF  would  be  eaploylng  a  proven, 
flexible  approach  with  several  advantages  over  passive  rendezvous.  It  is 
suitable  for  aost  SV/SSV  orbit  cases,  corrects  for  plane  errors,  and  is 
coapatible  with  Spacecraft  Standard  Retrieval  Policy.  However,  launch  delays 
would  still  make  rendezvous  replanning  difficult  and  perhaps  not  always 
possible.  The  next  two  aethods  offer  alternative  approaches  to  rendezvous 
planning  and  replanning  problems. 


CSC  HBTHQD 

The  CSC  aathod  is  embodied  in  rendezvous  planning  software  developed  by 
Computer  Sciences  Corporation  (CSC)  for  lASA's  Goddard  Space  Flight  Center 
The  CSC  technical  note  entitled  General  Rendezvous  Mission  Analysis  (7:--) 
describes  the  program  REYDEZVOUS,  which  enables  spacecraft  controllers  to 
conduct  mission  analyses  for  future  rendezvous  in  which  "the  user  spacecraft 
will  descend  to  the  STS  orbit  and  position  Itself  In  a  proper  phase  relative 
to  the  STS"  (7:1-1).  REYDEZVOUS  la  not,  In  Itself,  a  complete  rendezvous 


support  capability.  Rather,  it  is  a  pre-mission  analysis  tool  used  to 
generate  initial  solutions,  which  are  then  incorporated  into  higher  fidelity, 
computer  simulations  (13: — ).  Xuch  of  the  following  describes  specific 
RENDEZVOUS  capabilities;  but  the  purpose  is  not  so  much  to  describe  the 
software  as  to  understand  the  underlying  approach  on  which  the  final 
rendezvous  profile  is  based. 

Description.  RBJDEZVOUS  facilitates  analysis  of  various  solutions  "for  a 
two-impulse  maneuver  that  will  rendezvous  a  chase  spacecraft  with  a  target 
spacecraft  within  a  specified  time"  (7:3-6).  Assuming  circular  orbits,  the 
program  calculates  the  time  both  spacecraft  must  orbit  to  achieve  the  minimum- 
energy,  Hohmann  transfer  phase  condition.  This  solution  is  then  used  as  a 
reference  for  examining  other  transfer  options  within  user-specified  ranges  of 
orbit  transfer  time  and  maneuver  start  time  (7:3-6  -  3-7).  To  calculate 
transfer  orbits  for  other  than  the  Hohmann  transfer  condition,  RENDEZVOUS  uses 
a  subroutine  to  solve  the  Lambert  problem.  Solving  the  Lambert  problem  means 
determining  the  transfer  orbit  between  two  positions  in  space  given  a 
specified  transfer  time  (7:3-1). 

Option  three  of  RENDEZVOUS  enables  the  analyst  to  find  a  transfer  orbit 
from  any  point  in  the  initial  SV  orbit  to  a  pre-specif led,  final  rendezvous 
position  and  time  (7:B-22).  The  analyst  might  then  investigate  different 
transfer  start  times  to  find  the  lowest  delta-v,  Lambert  solution  that 
achieves  the  targeted  end  conditions  (but,  would  always  require  more  energy 
than  the  Hohmann  transfer  solution). 

An  important  point  in  discussing  Hohmann  vs.  Lambert  solutions  is  that  the 
analyst  can  specify  the  minimum-energy,  Hohmann  transfer  solution,  with  the 
end  conditions  unconstrained;  or  the  analyst  can  specify  the  final  rendezvous 
point  and  tine,  and  settle  for  the  lowest  delta-v,  Lambert  solution.  The 
analyst  cannot  specify  both  minimum  energy  and  a  final  position  and  time. 

i 

A  rendezvous  profile  based  on  analyses  using  the  RENDEZVOUS  program  might 
proceed  as  follows.  The  SV  remains  in  its  mission  orbit  until  after  S SV 
launch.  The  SV  then  waits  until  it  achieves  the  Hohmann  transfer  phase 
condition,  at  which  time  it  maneuvers  to  the  retrieval  orbit.  Or,  the  SV 
maneuvers  when  it  reaches  the  pre-determlned  position  for  initiating  the 
lowest  delta-v.  Lambert-targeted  transfer  orbit  which  achieves  a  pre-specif led 
rendezvous  position  and  time. 

SV/SSV  Orbits.  The  CSC  rendezvous  method  imposes  no  altitude 
restrictions.  However,  there  are  restrictions  on  orbit  type.  The  current 
software  restricts  all  of  the  analysis  options  to  circular  or  hyperbolic, 
chase  and  target  spacecraft  orbits  (7:3-10).  To  solve  for  and  execute  the 
Hohmann  solution,  both  the  SV  and  SSV  orbits  are  normally  required,  by  nature 
of  the  Hohmann  transfer  orbit,  to  be  circular  (unless  phasing  in  the 
elliptical  orbits  Just  happens  to  be  perfect  for  a  Hohmann  transfer — in  which 
case  the  rendezvous  problem  is  already  solved).  Lambert  solutions,  however, 
are  normally  not  restricted  to  circular  orbits  (1:228-264).  Software 
improvements  can  and  are  being  implemented  now  to  allow  analyses  of  Lambert 
solutions  for  transfer  between  elliptical  orbits  (13: — ).  While  not  described 


in  General  Rendezvous  Mission  Analysis.  RIIDEZVOUS  also  includes  some 
capability  to  model  and  analyze  siisple  plane  changes  (13:  — ). 

Fuel  Efficiency.  The  Hohnann  transfer  solution  is  the  aost  fuel-efficient 
rendezvous  possible  (though  it  nay  not  be  feasible  because  of  other 
constraints).  On  the  other  hand,  even  the  lowest  delta-v,  Lambert  solution — 
as  constrained  by  specified  end  conditions — could  require  significantly  more 
energy  than  the  Hohmann  case. 

As  noted  by  CSC,  energy  requirements  rise  significantly  as  the  Lambert 
solution  diverges  from  the  Hohmann  solution  (7: 3-10, B-13) .  Figure  2,  a  sample 
plot  from  General  Rendezvous  Mission  Analysis  (7:B-11>,  illustrates  that 
point.  The  plot  displays  different  delta-v  requirements  for  varying  transfer 
orbit  periods  and  transfer  start  times.  The  Hohmann  solution  is  the  lowermost 
point  on  the  plot.  In  this  example,  if  the  chase  vehicle  waits  until  the 
Hohmann  phase  condition  is  achieved,  a  minimum-energy  Hohmann  transfer  would 
require  0.02  km/sec  delta-v,  and  time  in  the  transfer  orbit  would  be  about 
2735  seconds.  The  solid-line  curve  represents  the  set  of  Lambert  solutions 
for  which  transfer  is  started  at  the  same  time  as  the  Hohmann  solution,  but 
the  size  of  the  transfer  orbit  is  varied  from  the  180-degree  Hohmann  transfer 
orbit.  For  example,  to  decrease  transfer  time  by  fifteen  minutes  (read  at 
1835  sec  transfer  time),  the  required  delta-v  is  doubled.  Huch  shorter 
transfer  times  require  excessive  amounts  of  fuel.  The  effects  of  variations 
in  transfer  start  time  are  represented  on  the  plot  by  the  broken-line  curves. 
The  plot  shows,  for  instance,  that  if  transfer  is  delayed  from  the  Hohmann 
phase  condition  by  a  time  equal  to  only  two-tenths  of  the  chase  spacecraft’s 
orbital  period  (0.2  coast  time),  the  minimum  achievable  delta-v  is  also  double 
that  of  the  Hohmann  solution  (7:B-11  -  B-13).  In  general,  the  plot 
demonstrates  that  Lambert  problem  algorithms  can  generate  mathematical 
solutions  for  a  wide  range  of  rendezvous  conditions,  but  fuel  constraints 
restrict  the  range  of  feasible  transfer  orbits. 

SBP  Compatibility.  A  Lambert  solution,  which  targets  the  pre-specif led 
rendezvous  position  and  time,  is  compatible  with  Standard  Retrieval  Policy;  a 
Hohmann  solution,  which  is  unconstrained  by  a  specified  rendezvous  position 
and  time,  is  not  compatible. 

Rendezvous  Replanning.  Whether  a  Hohmann  or  Lambert-targeted  transfer 
orbit  is  planned,  launch  postponements  will  require  complete  replanning, 
since — as  described  earlier — the  SV  phase  condition  at  launch  will  change.  By 
solving  the  Lambert  problem,  REIDEZVOUS  can  generate  transfer  orbits  which 
target  the  originally  planned  rendezvous  position  and  time.  However,  the 
problem  is  finding  a  transfer  orbit  that  does  not  require  more  propellant  than 
the  SV  has  available.  The  coast  times  plotted  in  Figure  2  are  all  relatively 
near  the  Hohmann  phase  condition;  but,  depending  on  the  synodic  period  between 
the  SV  and  S SV  orbits,  the  Hohmann  condition  might  only  occur  every  few  days. 

A  postponed  launch,  then,  could  easily  put  the  SV  into  a  phase  condition  far 
from  the  Hohmann  solution,  resulting  in  an  excessively  high,  required  delta-v. 

For  each  potential  launch  day,  the  analyst  needs  to  evaluate  passible 
rendezvous  solutions,  determine  whether  rendezvous  is  within  propellant 


constraints,  and  generate  a  new  naneuver  profile.  That  is  not  not  a  simple 
task,  but  a  feasible  one — though  it  nay  well  rule  out  certain  launch  days. 

In  summary,  the  CSC  method  addresses  the  rendezvous  problem  from  the 
perspective  of  the  S V  and  helps  resolve  the  replanning  problems  inherent  In 
extending  the  JSC  method  to  SV  maneuver  planning.  REVDEZVOUS  helps  planners 
compute  and  analyze  possible  rendezvous  solutions  and  fuel  requirements — but 
with  some  limitations.  If,  and  only  if,  both  SV  and  S SV  orbits  are  circular, 
SEIDEZVOUS  can  find  a  minimum-energy,  Hohmann  transfer  solution — but  it  would 
be  incompatible  with  Standard  Retrieval  Policy  and  might  not  fit  a  reasonable 
rendezvous  window.  Meanwhile,  a  Lambert-targeted  transfer  orbit  might  require 
too  much  propellant — especially  if  the  SV  phase  condition  varies  significantly 
from  the  Hohmann  condition,  as  might  result  from  a  launch  delay.  The  next 
method  proposes  a  different  approach  which  focuses  directly  on  the  rendezvous 
replanning  problem. 


STERI’S  METHOD 

This  method  is  based  on  a  rendezvous  scenario  proposed  and  analyzed  in 
detail  by  Hr.  R.  Stern,  Hanager  of  the  Performance  Analysis  Department,  Flight 
Mechanics  and  Integration  Department  of  Aerospace  Corporation  (10: — ;  11: — ; 
12: — >.  The  European  Space  Agency  also  plans  to  use  a  similar,  phase-repeater 
rendezvous  method  for  its  European  Retrievable  Carrier  (EDRECA)  missions 
(8:--). 

Description.  In  Stern’s  scenario,  an  SV  in  a  high-energy  mission  orbit 
must  rendezvous  with  an  SSV  in  an  elliptical  parking  orbit.  Stern  used  the 
drawing  shown  in  Figure  3  to  illustrate  the  various  orbits  in  his  rendezvous 
sequence  <11: Fig  2).  Prior  to  SSV  launch,  the  SV  maneuvers  to  a  two-day, 
circular  repeater  orbit.  The  primary  characteristic  of  the  repeater  orbit  is 
that  its  phase  condition  is  Identical,  on  alternate  days,  at  the  time  of  SSV 
launch  opportunity — when  the  launch  site  passes  through  the  plane  of  the  SV 
orbit.  Therefore,  the  same  rendezvous  profile  can  be  flown  for  any  even-day 
launch  postponement.  The  SV  times  its  transfer  to  the  repeater  orbit  so  that 
a  Hohmann  transfer  can  be  used  by  the  SV  to  reach  the  planned  rendezvous 
position  at  the  specified  rendezvous  time.  In  the  particular  scenario  that 
Stern  studied,  the  repeater  orbit  was  only  displaced  nine  miles  from  the 
original  mission  altitude.  It  was  therefore  considered  likely  that  operations 
could  be  continued  in  the  repeater  orbit.  Also,  phasing  between  the  mission 
and  repeater  orbits  was  such  that,  to  set  up  optimum  phasing  for  a  Hohmann 
transfer  to  the  rendezvous  position,  the  SV  would  need  to  leave  its  mission 
orbit  no  more  than  13  days  before  planned  SSV  launch  (5:34-42;  12: — ). 

SV/SSV  Orbits.  This  method  can  be  initiated  from  any  SV  altitude.  Also, 
the  method  is  suitable  for  circular  and  elliptical,  SSV  orbits  and  circular  SV 
orbits.  Stern's  scenario  was  based  on  a  circular,  initial  SV  orbit,  so 
elliptical  SV  orbits  were  not  addressed.  Stern  mentions  plane  changes  to 
correct  errors,  though  he  does  not  go  into  details  (11: Fig  1).  Presumably, 
standard  JSC-type  plane  changes  would  be  used. 
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Fuel  Efficiency.  The  method  is  fuel  efficient  in  that  it  sets  up  a 
Hohaann  transfer  phase  condition  for  the  planned  launch  day  or  any  subsequent 
launch  day  that  coincides  with  the  period  characteristic  of  the  repeater 
orbit. 

Fuel  considerations,  though,  may  constrain  the  choice  of  a  repeater  orbit. 
In  general,  for  an  SV  which  is  rendezvousing  with  an  SSV  in  a  lower  energy 
orbit,  it  is  more  fuel  efficient  to  descend  than  to  climb  to  the  repeater 
orbit  (5:7).  Therefore,  the  most  fuel-efficient  repeater  orbit  might  not  be 
the  closest  one — which  may  or  may  not  be  a  problem  if  an  SV  mission-compatible 
repeater  orbit  is  desired. 

SRP  Compatibility.  Stern’s  method  is  compatible  with  Standard  Retrieval 
Policy  in  that  the  SV  targets  a  pre-specif led  rendezvous  position  and  time. 

Remember,  though,  one  advantage  of  SRP  compatibility  is  that  it  allows  the 
SV  to  remain  in  a  mission-compatible  orbit  until  after  SSV  launch.  Use  of  a 
repeater  orbit  may  limit  that  advantage.  For  instance,  a  mission-compatible 
repeater  orbit  might  imply  an  orbit  near  the  original,  mission  orbit  altitude. 
A  chart  of  repeater  orbit  altitudes  shows  that,  in  an  altitude  range  of  100- 
500  nmi,  one-day  repeater  orbits  occur  about  every  180  nmi  of  altitude.  About 
half-way  between  the  one-day  repeater  orbits  are  two-day  repeaters;  and 
between  the  one-  and  two-day  altitudes  are  three-day  repeater  orbit  altitudes 
(5:144).  The  net  result  is  that  the  mission  orbit  should  never  be  more  than 
about  30  nmi  from  the  nearest  integer-day  repeater  orbit  of  three  or  less 
days.  So  the  likelihood  of  a  nearby,  mission-compatible  repeater  orbit  seems 
high. 

A  second  potential  problem  is  that  configuring  to  maneuver  to  the  repeater 
orbit  might  require  the  SV  to  cease  operations.  For  example,  for  large  burns 
the  SV  may  have  to  jettison  antennas  or  solar  panels.  Like  the  first  problem, 
actual  limitations  can  only  be  determined  on  a  mission-by-mission,  SV-by-SV 
basis.  Some  difficulties  can  be  avoided  by  considering  rendezvous 
requirements  and  repeater  orbit  altitudes  during  pre-mission  planning  and  SV 
design. 

Rendezvous  Replanning.  The  way  Stern’s  method  solves  the  launch  delay 
problem  is,  of  course,  its  biggest  advantage.  Planning  and  operations  are 
tremendously  simplified  because  the  rendezvous  profile  is  always  basically  the 
same.  Even  with  launch  postponements,  the  same  maneuvers  are  still  executed 
in  the  same  sequence  at  the  same  times  and  require  the  same  propellant;  SV 
commands  and  remote  tracking  periods  also  remain  the  same. 

Accommodating  launch  postponements  was  described  earlier  as  the  most 
difficult  problem  left  unresolved  by  using  the  JSC  method  for  SV  rendezvous 
planning.  Stern  directly  addressed  that  problem  and  proposed  a  simple, 
feasible  solution  with  only  minor  constraints.  The  next  method  Integrates 
both  the  JSC  and  Stern  approaches  into  a  generic  method  for  AFSCF  use. 


ATA  METHOD 


In  1965,  Applied  Technology  Associates  (ATA)  conducted  a  rendezvous  study 
for  the  AFSCF  and  Space  Division's  Space  Transportation  Systea  Prograa  Office. 
As  an  Initial  step  in  preparing  to  support  future  rendezvous  aissions,  the 
study  defined  rendezvous  systea  requireaents,  evaluated  the  AFSCF' s  Data 
Systea  Modernization  (DSX)  prograa  and  Johnson  Space  Center's  Flight  Design 
Systea  (FDS)  relative  to  those  requireaents,  and  drafted  a  prellainary  AFSCF 
Rendezvous  Operations  Concept  (5: — ;  6: — >.  By  Air  Force  direction,  the  study 
assuaed  a  cooperative  rendezvous  approach  which  utilized  Stern's  aethod.  ATA 
was  also  directed  to  assess  JSC  aethods  and  systeas  to  identify  areas  of 
potential  technology  transfer.  Described  below  is  the  basic  rendezvous 
profile  which  ATA  developed  and  used  as  a  basis  for  deriving  detailed  systea 
requireaents  and  evaluating  the  DSX  and  FDS  systeas  (5:App  B-4). 

Description.  The  ATA  aethod  is  not  so  such  a  new  approach,  as  a 
coabinatlon  and  enhanceaent  of  the  Stern  and  JSC  aethods.  It  builds  on 
Stern's  analysis  and  suggests  saall  additions  or  variations  in  areas  such  as 
fuel  efficiency,  types  of  repeater  orbit,  adjustaents  for  launch  postponeaents 
and  perturbations,  corrections  for  plane  errors,  and  error  analysis.  The 
basic  rendezvous  profile  integrates  the  vise  of  Stern’s  phasing  orbits  and  JSC- 
type  aaneuvers  (5: — ). 

A  saaple  scenario  in  the  ATA  study  proceeds  as  follows  (5:165): 

1.  Before  SSV  launch,  the  SV  transfers  to  an  altitude  and  phase  condition 
Just  slightly  offset  from  the  target  repeater  altitude  and  phase  angle.  While 
the  altitude  difference  is  causing  the  SV  to  maintain  a  slow,  phase  correction 
rate,  tracking  is  used  to  confirm  the  achieved  delta-v  and  to  calibrate  the  SV 
engines. 

2.  After  waiting  for  the  exact  phase  condition,  the  SV  executes  the  final 
transfer  to  the  precise,  repeater-orbit  altitude  and  phase  condition. 

3.  After  SSV  launch,  tracking  data  is  used  to  determine  the  exact  wedge 
angle  between  the  SV  and  SSV  orbit  planes.  The  SV  performs  a  cross-track 
burn  at  the  orbit's  semi-latus  rectum  to  move  the  two  planes'  intersecting 
line  of  nodes  to  the  SSV  line  of  apsides  (the  first  step  in  a  technique  ATA 
developed  to  minimize  required  fuel  for  correcting  wedge  angles)  (5:App  B.3). 

4.  Based  on  more  tracking,  the  SV  executes  a  long-term,  phase-adjust 
maneuver  at  apogee. 

5.  After  the  SV  is  cleared  for  descent,  it  executes  a  corrective 
combination  (HCC-0)  maneuver  from  a  point  on  the  line  of  nodes  (near  apogee, 
as  a  result  of  the  previous  plane  change).  This  maneuver  lowers  perigee  and 
takes  out  plane  errors.  The  SV  thus  executes  a  near-Hchmann  transfer  to  a 
lower  orbit,  while  combining  cross-track  and  in-track  corrections  for  added 
fuel  efficiency  (5:47-48).  After  more  tracking  data  is  received,  a  second 
corrective  combination  (XCC-1)  maneuver  is  executed  at  apogee,  if  needed. 


0.  The  rendezvous  Is  completed  with  a  final,  coelllptic  (ISS-2)  Maneuver . 
This  is  a  Lambert- targeted  Maneuver  which  achieves  the  final  coelllptic  orbit 
and  specified  rendezvous  position. 

As  in  the  JSC  Method,  Maneuver  sequences  are  Modified  as  necessary  to  suit 
Mission  requlresents.  ATA  provided  exaaples  of  how  this  profile  can  be 
Modified  with  adjusted  phasing  to  coaplete  a  rendezvous  after  odd-day  launch 
postponements  (5:165-100).  ATA  also  proposed  consideration  of  elliptical 
repeater  orbits.  The  advantages  Include  a  single-burn  transfer  and — for 
collision  avoidance — Increased  altitude  separation  froa  the  SSV  while  in  the 
repeater  orbit  (5:44-45). 

SV/SSV  Orbits.  As  in  Stern’s  Method,  there  are  no  initial  SV  altitude 
restrictions.  Also,  the  Method  should  be  suitable  for  circular  and 
elliptical,  SSV  orbits  and  circular  SV  orbits.  However,  like  the  previous 
Methods,  there  is  no  real  discussion  of  initiating  a  rendezvous  fron  an 
elliptical  SV  orbit. 

ATA  added  to  the  JSC  and  Stern  Methods  by  Inproving  plane-correction 
techniques.  ATA  proposed  a  new  approach  to  efficiently  null  out  plane 
errors — as  noted  in  the  sanple  profile  described  above  (5:48-49,App  B.3). 

They  also  derived  a  solution  to  the  potentially  difficult  problen  of 
correcting  for  unplanned,  differential  nodal  regression,  due  to  changes  in 
altitude  profiles  after  launch:  ATA  proved  that,  to  first  order,  ln-track  and 
cross-track  closure  are  coupled,  so  that  planar  coincidence  will  still  occur 
at  the  tine  of  final  rendezvous  (5:50-55). 

Fuel  Efficiency.  The  ATA  Method  is  relatively  fuel  efficient  in  its  use 
of  Hohnann  or  near-Hohnann  transfers  (the  transfer  Maneuvers’  ln-plane 
components  closely  approxinate  180-degree,  double-tangential-burn  Hohnann 
transfer  Maneuvers).  ATA  also  enploys  fuel-efficient  techniques  for  out-of- 
plane  Maneuvers.  A  sanple  Maneuver  and  delta-v  listing  for  a  typical 
rendezvous  profile  shows  that  the  largest  delta-v  Maneuvers  are  the  altitude 
change  fron  the  repeater  to  the  rendezvous  orbit  and  the  plane  change  (5:165). 
Therefore,  ATA  strategies  to  nininlze  those  delta-v’ s,  such  as  Hohnann 
transfers  or  conblnlng  ln-plane  and  out-of-plane  burns,  have  the  greatest 
overall  effect  on  saving  fuel  (5:47-49). 

SRP  Compatibility.  The  ATA  method  is  compatible  with  Standard  Retrieval 
Policy  in  that  it  targets  a  pre-specif led  rendezvous  position  and  tine.  Also, 
by  adding  JSC-type  naneuvers  for  snail  error  corrections,  the  ATA  method  is 
more  accurate  than  Stern's  basic  approach.  In  an  effort  to  nininlze  AFSCF 
ground-support  requirements,  Stern’s  method  completes  the  rendezvous  with  a 
Hohnann  transfer  fron  the  repeater  orbit,  accomplished  by  ’’two  back  to  back 
open  loop  burns  centered  about  the  line  of  apsides  of  (the!  SSV  orbit” 
(12:14,20).  The  ATA  method  adds  coelllptic  and  Lambert-targeted  naneuvers  to 
nake  final  orbital  corrections  if  needed. 

The  sane  potential  linitations  that  applied  to  Stern’s  method — regarding 
operations  fron  the  repeater  orbit — are  still  applicable:  the  repeater  orbit 
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altitude  or  maneuvering  to  the  repeater  orbit  aa y  prohibit  or  impair 
opa rat Iona. 


iMitesag  Replanning.  Tha  ATA  aethod  Incorporates  all  the  replanning 
advantages  of  Stern's  set hod.  The  study  even  extended  Stern's  analysis  by 
examining  the  odd-day  launch  situation  in  sore  detail.  For  exasple,  for  the 
specific  case  that  Stern  studied,  ATA  developed  feasible  rendezvous  profiles 
for  odd-day  launches  (5:166-167).  ATA  also  described  how  the  in-track/cross¬ 
track  coupling  Mentioned  earlier,  can  siiq>llfy  the  alternate-day  launch 
problea  (5:53-55).  So  now,  Instead  of  planning  a  different  rendezvous  profile 
for  each  launch  day  (as  required  without  Stern's  aethod),  or  using  a  single 
rendezvous  profile  that  Halts  launch  opportunities  to  every  other  day  (as  in 
Stern's  aethod),  Just  two  rendezvous  profiles  are  planned  which  can 
accnaandate  launch  on  any  day. 

In  suaanry,  ATA  coablned  the  Stern  and  JSC  aethods,  along  with  their  own 
enhanceaents,  to  develop  a  sore  flexible  and  accurate,  generic  rendezvous 
approach  for  the  AFSCF,  while  adding  no  additional  constraints.  However, 
rendezvous  froa  an  elliptical  SV  Mission  orbit  still  renains  as  an  unaddressed 
generic  requlreaent. 


AEROSPACE  METHOD 

In  a  recent  paper  (approved  by  Stern),  Aerospace  Corporation  described  a 
aethod  to  handle  the  elliptical  SV  orbit  case  (17: — ).  Rather  than  a 
completely  new  approach,  it  is  a  direct  extension  of  Stern's  aethod.  Here,  it 
is  discussed  separately  froa  Stern’s  original  aethod  only  because  it  results 
froa  work  Just  coapleted  and  documented  in  October  1966 — after  Stern's  single- 
scenario  study  in  1984  and  ATA's  study  in  1985. 

Description.  In  their  paper.  Aerospace  states: 

Vlth  a  circular  mission  orbit,  the  SV  could  begin  its  maneuver  to 
the  circular  repeater  orbit  at  any  point  which  would  give  the  proper 
phasing  and  always  expend  the  minimum  amount  of  delta-v.  Vlth  an 
elliptical  mission  orbit  this  will  generally  not  be  the  case.  The 
minimum  expenditure  of  delta-v  would  necessitate  the  SV  maneuver  to 
begin  at  apogee;  however,  this  may  not  result  in  the  proper  phasing 
(17:2). 

Aerospace's  solution  is  to  simply  add  a  circular  phasing  orbit  to  the 
rendezvous  sequence.  Aerospace  used  the  drawing  shown  in  Figure  4  to 
illustrate  the  various  orbits  (17:8).  The  SV  transfers  from  its  elliptical 
mission  orbit  to  the  circular  phasing  orbit  with  a  single  burn  at  perigee. 

From  that  point,  rendezvous  proceeds  as  in  Stern’s  basic  method.  The  SV  salts 
until  proper  phasing  to  transfer  to  the  repeater  orbit  and  then,  when 
appropriate,  performs  a  Kohaann  transfer  froa  the  repeater  orbit  to  the 
retrieval  orbit  (17:2).  Slight  modifications  of  this  general  approach-- 
dependlng  on  mission  requirements — might  include  a  low  eccentricity, 
elliptical  phasing  orbit,  or  a  repeater  and/or  phasing  orbit  below  the 


retrieval  orbit  <17: 3).  Aerospace  tested  and  vail  da  tad  thair  aethod  In 
co^uter  slaulatlons  that  alao  lncludad  ST  Inclination  chaagee  and  adjustments 
for  nodal  mgraaalon  (17:4). 

ST/SST  Orbits.  Of  cooraa,  tha  major  contribution  of  this  aathod  Is  that 
It  allows  raadazvous  from  an  alllptical  SV  alas Ion  orbit,  while  retaining  tha 
other  advantages  of  Stern’s  aathod.  Therefore,  all  of  the  generic  SV/SSV 
orbit  requirements  are  now  generally  satisfied. 

Fuel  Efficiency.  The  additional  phasing  orbit  adds  only  one  aore  burn  to 
the  sequence,  and  all  of  the  ln-plane  aaneuvers  are  still  Hohaann  transfers  or 
single  tangential  burns.  In  the  preferred  case,  fuel  Is  conserved  by 
transferring  to  successively  lower  energy  phasing,  repeater,  and  retrieval 
orbits  (as  opposed  to  any  lnteraediate  altitude  Increases)  (17:2-3). 

SRP  CoM>atlbllltv.  The  Aerospace  aathod  is  compatible  with  Standard 
Retrieval  Policy  since  it  targets  a  specified  rendezvous  position  and  tine. 

It  aay,  however,  Increase  constraints  on  the  SV's  ability  to  reaaln  in  a 
aisslon-coapatlble  orbit  until  after  SST  launch.  Assualng  there  is  a  purpose 
for  the  aisslon  orbit  being  elliptical,  circularizing  the  SV  orbit  before 
launch  Bight  Impair  operations.  In  Aerospace's  azaaple  problea,  the  SV  goes 
froa  an  elliptical  400-  by  1000-nal  elliptical  orbit  to  a  400-nal  circular 
phasing  orbit  (17:0) — a  seealngly  significant  difference.  Again,  the  actual 
lapact  would  depend  on  the  individual  SV's  aisslon,  operational  status,  and 
design. 

Rendezvous  Replanning.  Aerospace's  suppleaanted  approach  retains  all  of 
the  replanning  advantages  of  Stern's  original  aathod  since  it  still  fully 
utilizes  phase- repeater  orbits. 

The  Aerospace  aathod,  then,  satisfies  the  elliptical  SV  orbit  requirement 
fairly  slaply,  while  still  retaining  Stern’s  original  advantages  in  planning 
and  fuel  efficiency.  The  elliptical  case,  though,  is  perhaps  sore 
constraining  for  continued  SV  operations  than  the  circular  case. 

After  evaluating  six  different  rendezvous  approaches,  it  now  appears  that 
each  of  the  four  generic,  AFSCF  rendezvous  requirements  is  satisfied  by  at 
least  one  aathod.  In  the  next  chapter,  a  consolidated  review  of  the  individual 
aathods  and  evaluations  leads  to  the  approach  which  aost  coapletely  satisfies 
all  of  the  requlreaants. 
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Chapter  Pour 


SYVTHBSIS 

The  goal  now  Is  to  salact  the  best  rendezvous  method — or  combination  of 
methods — for  the  AFSCF  To  do  that,  this  chapter  first  provides  a 
consolidated  review  of  the  Individual  rendezvous  methods  and  evaluations.  The 
purpose  Is  not  only  to  summarize,  but  also  to  compare  and  view  each  method  In 
the  broader  context  of  all  six  approaches.  The  picture  that  emerges  is  not  so 
much  a  choice  between  six  separate  alternatives,  as  an  evolution  of  improving 
rendezvous  capabilities  and  techniques.  That  progression  leads  to  the 
combined  method  which  most  completely  satisfies  all  of  the  generic  rendezvous 
requirements  derived  In  Chapter  Two.  Finally,  constraints  inherent  in  the 
combined  method  are  discussed. 


BVALUATI01  SPMXARY 

Table  1  summarizes  the  results  of  each  method’s  evaluation  relative  to  the 
generic  rendezvous  requirements  derived  in  Chapter  Two. 

The  passive  method  represents  what  the  AFSCF  can  do  today  with  essentially 
no  rendezvous  support  capability.  This  approach  was  found  to  have  major 
shortcomings  as  a  generic  rendezvous  method.  Totally  passive  rendezvous  is 
Impossible  If  the  SV  orbit  Is  above  the  SSV's  maximum  energy  lpvel.  As 
compared  to  cooperative  methods,  the  likelihood  of  unsuccessful  rendezvous 
Increases  since  the  SSV  must  assume  nearly  all  responsibility  for  the 
rendezvous — Including  corrections  for  both  its  own  and  the  SV’s  errors. 

Passive  rendezvous  Is  Inconsistent  with  Standard  Retrieval  Policy  and, 
therefore,  necessitates  descent  from  the  mission  orbit  well  before  SSV  launch 
— thus  Increasing  operational  cost  and  risk.  Finally,  in  the  case  of  launch 
delays,  passive  rendezvous  greatly  complicates  replanning  problems  and  may  not 
always  be  possible. 

The  JSC  method  Is  at  the  other  end  of  the  spectrum  In  terms  of  current 
capabilities.  It  Is  a  proven  approach  that  would  satisfy  most  SV 
requirements — It  Is  flexible,  accurate,  fuel  efficient,  and  SRP  compatible. 
However,  due  to  changes  In  the  SV's  phase  condition  at  shuttle  launch, 
accommodating  launch  postponements  within  SSV  time  and  fuel  constraints  will 
be  difficult  and  perhaps  not  always  feasible. 

CSC  has  developed  software  for  Goddard  Space  Flight  Center  which  helps 
solve  the  rendezvous  problem  for  the  SV.  The  software  can  quickly  generate 
rendezvous  profiles  for  analysis  and  plannlng/replannlng  purposes.  But  its 
Hohmenn  solution  Is  restricted  to  circular  SV/SSV  orbits  and  Is  Incompatible 


nwhile,  any  require  too 


with  Standard  Retrieval  Policy.  Laabart  solutions,  au 
auch  foal. 

Stern  propoaad  a  different  aethod  that  diractly  addraasaa  tha  replanning 
problaa.  Tha  uaa  of  a  repeater  orbit  greatly  simplifies  tha  planning  and 
oparatlonal  problaaa  cauaad  by  launch  dalays,  while  imposing  relatively  ainor 
constraints.  Tha  aathod  is  also  ganarally  fual  efficient. 

By  adding  acre  JSC  techniques  and  thalr  own  enhanceaents  to  Stern's 
aethod,  ATA  improved  the  flexibility,  accuracy,  and  fuel  efficiency  of  Stern's 
basic  approach.  However,  Ilka  the  JSC  and  Stern  aethods,  rendezvous  froa  an 
elliptical  SV  orbit  was  left  unaddressed. 

Pinally,  Aerospace  proposed  a  staple  solution  to  tha  elliptical  SV  orbit 
problaa  that  retained  the  saae  basic  approach  and  advantages  of  Stern’s 
original  aethod. 


SV/SSV 

Orbits 

Fuel 

Efficient 

SRP 

Compatible 

Rendezvous 

Replanning 

Passive 

lot  addressed^ 

yes 

no 

no 

JSC 

partial2 

yes 

yes 

no 

CSC 

Hohaann 

Circular 

yes 

no 

no 

Laabert 

only 

yes 

no 

yes 

yes 

Stern 

partial2 

yes 

yes 

yes 

ATA 

partial2 

yes 

yes 

yes 

Aerospace 

yes 

Saae 

as  Stern’s 

aethod 

ATA/ Aero 

yes 

yes 

yes 

yes 

Iotas: 

1.  Tha  totally  passive  case  is  restricted  by  aaxiaua  S SV  altitude. 
Probleas  related  to  elliptical  orbits  and  plane  corrections  are  left 
up  to  the  SSV. 

2.  Rendezvous  froa  an  elliptical  SV  orbit  Is  not  addressed. 


Table  1.  Requirement*  Satisfaction  Suaaary 


COMB I IBP  METHOD 


Added  to  Table  1  is  a  combined  ATA/Aerospace  method  which  is  a  logical 
extension  of  the  preceding  approaches:  the  ATA  aethod  with  the  addition  of 
Aerospace  techniques  for  handling  elliptical  SV  aisslon  orbits.  ATA  coablned 
and  enhanced  the  Stern  and  JSC  aethods,  and  now  Aerospace  satisfies  the  one 
remaining,  unaddressed  requireaent. 

The  coablned  aethod  would  be  characterized  as  follows: 

1.  Before  SSV  launch,  the  SV  transfers  to  a  circular  or  elliptical 
repeater  orbit.  One  or  aore  lnteraedlate  phasing  orbits  might  be  used  to 
coapensate  for  elliptical  SV  aisslon  orbits. 

2.  After  SSV  launch,  the  SV  executes  a  Hohaann  or  near-Hohaann  transfer 
to  achieve  the  pre-specif led  rendezvous  control  box  and  time.  Based  on  the 
number  of  days  characteristic  of  the  repeater  orbit,  two  or  aore  nominal 
profiles  might  be  planned.  For  example,  with  a  two-day  repeater  orbit,  even- 
and  odd-day  rendezvous  profiles  could  accommodate  launch  on  any  given  day. 

3.  The  AFSCF  would  have  the  capability  to  plan  and  execute  a  set  of 
standard  rendezvous  maneuvers  similar  to  those  used  by  JSC.  Single  and 
combined  maneuvers  would  target  desired  changes  in  SV  altitude,  phase,  plane, 
lines  of  apsides,  and  so  on.  Like  JSC,  standard  maneuvers  would  also  be  used 
for  coelliptic  control  and  Lambert  targeting.  A  sequence  of  such  maneuvers 
would  be  planned  and  executed  to  achieve  the  basic  rendezvous  profile 
described  in  paragraphs  1  and  2.  Standard  JSC-type  maneuvers  would  also  be 
added  as  necessary  to  achieve  planar  coincidence  and  to  make  fine  error 
adjustments.  Finally,  drawing  from  a  set  of  standard  maneuvers  would  allow 
the  flexibility  to  modify  the  basic  sequence  to  fit  mission-specific 
rendezvous  requirements. 

This  combined  method  fully  Incorporates  all  of  the  advantages  of  the  JSC, 
Stern,  ATA,  and  Aerospace  approaches.  It  also  indirectly  incorporates  the 
Lambert  targeting  capability  of  the  CSC  method.  Rather  than  review  all  those 
advantages  again  in  individual  detail,  the  combined  method  can  be  briefly 
summarized  as  follows:  it  is  a  generic  approach  that  is  flexible,  accurate, 
suitable  for  circular  and  elliptical  SV/ SSV  orbits,  relatively  fuel  efficient, 
compatible  with  Standard  Retrieval  Policy,  and  easy  to  adjust  for  launch 
postponements.  In  short,  the  ATA/Aerospace  method  most  completely  satisfies 
all  of  the  generic  rendezvous  requirements  derived  in  Chapter  Two. 


C01STRAIITS 

Before  settling  on  this  combined  approach  as  the  best  method,  however,  Its 
Inherent  limitations  should  be  reviewed  in  more  detail.  Two  areas  remain  from 
the  previous  evaluations  which  might  constrain  use  of  the  combined 
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ATA/Aerospace  aathod:  rapaatar  orbit  constraints  and  factors  which  dictate  a 
passive  rendezvous. 

Repeater  Orbit.  The  aost  restrictive  aspect  of  the  coabined  set hod  is  the 
repeater  orbit,  since  It  is  constrained  by  nature  to  only  certain  altitudes. 

In  the  general  approach,  the  SV  asneuvers  to  the  repeater  orbit  and,  if 
appropriate,  continues  its  operational  alsslon — or,  at  least  is  able  to 
aaneuver  back  to  its  alsslon  orbit  and  re-initiate  operations  if  the 
rendezvous  is  canceled.  A  fuel  efficient  rendezvous  assuaes  the  repeater 
orbit  is  below  or  only  slightly  above  the  alsslon  orbit.  A  alsslon-coapatlble 
repeater  orbit  probably  laplles  the  repeater  orbit  is  near  the  original 
alsslon  orbit.  As  discussed  earlier,  references  indicate  that  repeater  orbits 
lie  fairly  close  together  <5:144;  17:3),  so  that  fuel  and  alsslon  constraints 
caused  by  the  repeater  orbit  should  not  be  overly  restrictive.  Recall  also 
that  alsslon  constraints  apply  only  to  still  operational  SVs  and  do  not 
prohibit  rendezvous  itself;  they  only  restrict  continued  operations  for 
satellites  near  the  end  of  their  noraal  alsslon  lives. 

If  a  suitable  repeater  orbit  cannot  be  found,  a  direct  rendezvous  method 
aight  still  be  possible.  While  capabilities  to  support  the  coabined 
ATA/Aerospace  aethod  would  not  necessarily  Include  all  of  the  analysis  tools 
provided  by  CSC,  the  basic  CSC  approach  is  not  prohibited.  The  same  Laabert 
targeting  tools  needed  for  the  coabined  aethod  could  be  used  to  coapute 
direct,  Laabert-solution  transfer  orbits.  A  Laabert  solution  within  SV  fuel 
constraints  aight  still  be  possible  if  a  suitable  repeater  orbit  cannot  be 
found. 

The  best  approach,  though,  is  to  solve  the  repeater  orbit  problea  long 
before  the  SV  is  on  orbit.  Early  in  the  developaent  phase,  rendezvous  and 
repeater  orbits  should  be  considered  when  planning  aission  orbits  and  SV 
design  requirements. 

Passive  Rendezvous.  Some  conditions  could  sake  an  early  SV  descent 
preferable  to  waiting  until  after  SSV  launch.  For  example,  the  AFSCF  aight 
prefer  to  have  a  malfunctioning  satellite  descend  out  of  its  mission  orbit 
long  before  shuttle  launch,  rather  than  risk  last-minute  maneuver  problems. 
Also,  to  simplify  operations  in  the  alsslon  control  center  (for  example,  to 
avoid  dual  SV  operations  while  the  SSV  is  deploying  a  replacement  SV) ,  the 
AFSCF  aight  want  to  conduct  a  relatively  passive  rendezvous.  That  is,  have 
the  SV  descend  to  and  stabilize  in  the  rendezvous  orbit  before  SSV  launch. 

But  even  in  these  cases,  possessing  the  same  capabilities  required  to  support 
a  cooperative  rendezvous  would  be  an  advantage.  The  standard  maneuvers  used 
in  the  coabined  ATA/Aerospace  method  could  accurately  target  the  passive 
rendezvous  orbit.  Better  yet,  the  passive  rendezvous  orbit  could  itself  be  a 
repeater  orbit  within  the  SSV's  operating  envelope. 

Finally,  SV  aalfunctlons  affecting  maneuver  capability  would  obviously 
constrain  any  cooperative  rendezvous  plans.  The  AFSCF  aight  then  have  to 
settle  for  a  passive  rendezvous.  The  only  consolation  is  that  capabilities 
required  to  support  the  coabined  ATA/Aerospace  aethod  might  provide  some 
flexibility  to  exploit  whatever  aaneuver  capacity  the  SV  still  has.  Different 


degrees  of  passive  rendezvous  sight  be  passible — such  as  in-plane  orbit 
control  only — which  could  improve  the  probability  of  successful  rendezvous. 

In  summary,  certain  fuel,  mission,  or  SV  limitations  sight  constrain  the 
use  of  a  repeater  orbit  or  necessitate  varying  degrees  of  passive  rendezvous. 
But  those  cases  would  be  llslted,  and  capabilities  required  to  support  the 
full  ATA/Aerospace  set hod  would  still  be  useful  in  providing  work-around 
solutions. 

The  ATA  method,  supplemented  with  Aerospace  techniques  for  handling 
elliptical  SV  orbits,  emerges  from  a  combined  evaluation  of  current  and 
proposed  rendezvous  methods  as  the  approach  which  most  completely  satisfies 
generic  AFSCF  rendezvous  requirements.  An  analysis  of  its  inherent 
constraints  confirms  that  it  is  a  flexible,  generic  approach  useful  for  nearly 
all  foreseen  rendezvous  situations. 


Chapter  Five 


COaCLPSIQlS 

The  problea  statement  for  this  study  asked:  Which  current  or  proposed 
rendezvous  method — or  combination  of  methods — would  best  satisfy  generic, 

AFSCF  rendezvous  requirements?  To  answer  that  question,  generic  satellite 
vehicle  requirements  were  determined  along  with  constraints  imposed  by  the 
Space  Transportation  System.  A  short  list  of  generic,  AFSCF  rendezvous 
requirements  was  then  derived.  Six  current  and  proposed  rendezvous  methods 
were  evaluated  relative  to  those  requirements,  and  a  combined  rendezvous 
method  was  selected. 

This  study  concludes  that  the  best  rendezvous  method  for  the  AFSCF  is  a 
combined  ATA/ Aerospace  approach  consisting  of  methods  described  by  Applied 
Technology  Associates  <ATA)  in  the  1985  study  report  SV/SSV  Rendezvous  (5: — ), 
with  the  addition  of  techniques  recently  proposed  by  Aerospace  Corporation  for 
rendezvous  from  elliptical  SV  orbits  <17: — ).  Fully  incorporated  in  ATA’s 
method  are  techniques  used  by  Johnson  Space  Center  (4: — )  and  a  method 
proposed  by  R.  Stern  of  Aerospace  Corporation  (12:-->. 

The  basic  rendezvous  profile  involves  transfer  to  a  phase-repeater  orbit 
before  shuttle  launch,  with  possibly  an  intermediate  phasing  orbit  added  to 
compensate  for  an  elliptical  satellite  mission  orbit.  After  launch,  the 
satellite  vehicle  executes  a  Hohmann  or  near-Hohmann  transfer  to  achieve  a 
pre-specif led  rendezvous  position  and  time.  Standard  rendezvous  maneuvers, 
such  as  those  employed  by  Johnson  Space  Center,  are  used  to  execute  the  basic 
profile  as  well  as  to  add  corrective  maneuvers.  The  standard  maneuvers  also 
allow  the  AFSCF  to  modify  the  basic  sequence  as  necessary  to  fit  specific 
mission  requirements. 

This  method  would  best  satisfy  each  of  the  generic  AFSCF  rendezvous 
requirements  that  were  derived  in  this  study.  The  method  is  flexible, 
accurate,  suitable  for  elliptical  and  circular  orbits,  fuel  efficient, 
compatible  with  the  proposed  Spacecraft  Standard  Retrieval  Policy,  and  easy  to 
adjust  for  shuttle  launch  postponements. 

This  study  also  concludes  that  passive  rendezvous — as  might  be  supported 
by  current  AFSCF  systems — is  the  least  effective  method  to  satisfy  generic, 
AFSCF  rendezvous  requirements.  It  is  inconsistent  with  Spacecraft  Standard 
Retrieval  Policy,  is  difficult  to  replan  in  the  case  of  launch  delays,  entails 
mission  cost  and  risk,  and — as  compared  to  cooperative  methods — increases  the 
risk  of  unsuccessful  rendezvous. 


RBCQMMBIDAT I Qf S 

The  analysis  in  this  study  was  based  largely  on  an  assumed  list  of 
generic,  satellite  vehicle  (user)  requirements.  To  validate  this  list,  as 
well  as  to  more  clearly  identify  specific  mission  requirements,  the  AFSCF 
should  conduct  a  complete  survey  of  all  AFSCF  users  with  potential  rendezvous 
requirements.  In  assessing  requirements,  users  should  consider  possible 
contingency  needs  such  as  repair  or  retrieval  of  a  malfunctioning  satellite 
(which,  of  course,  was  the  reason  for  most  past — and  highly  cost-effective — 
shuttle  rendezvous).  Also,  the  recommended  ATA/Aerospace  method  should  be 
coordinated  with  Johnson  Space  Center. 

Assuming  those  generic  requirements  and  the  results  of  this  study  are 
validated  without  significant  changes  and  potential  users  are  identified,  the 
AFSCF  should  plan  and  develop  capabilities  as  necessary  to  support  the  full-up 
ATA/Aerospace  method  described  above. 

The  AFSCF  should  also  be  involved  early  in  JSC/user  rendezvous  planning. 
The  AFSCF  needs  to  clearly  understand  user  requirements,  and  the  user  needs  to 
understand  what  will  hopefully  become  standard  AFSCF  rendezvous  methods, 
Including  such  aspects  as  the  uses  and  constraints  of  repeater  orbits. 

Sound  methods  have  been  developed  and  proposed  to  make  rendezvous  a 
routine,  reliable,  and  safe  operation.  Sow  capabilities  to  support  those 
methods  need  to  be  developed  and  used. 
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